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Recent data shed light on two novel aspects of the mitochondria–Ca2+ liaison. First, it was extensively investigated how Ca2+ handling is
controlled by mitochondrial shape, and positioning; a playground also of cell death and survival regulation. On the other hand, significant progress
has been made to explore how intra- and near-mitochondrial Ca2+ signals modify mitochondrial morphology and cellular distribution. Here, we
shortly summarize these advances and provide a model of Ca2+–mitochondria interactions.
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Mitochondria maintain an electrical gradient (Δψm) across
their inner membrane (IMM) virtually in all cells, independently
of whether the cell performs aerobic or glycolytic metabolism
[1]. An apparent value of this energy consuming process is to
provide a huge driving force for accumulation of cations into the
mitochondrial matrix. Indeed, direct measurement of Ca2+
concentration in the matrix ([Ca2+]m) with targeted recombinant
probes demonstrated rapid fluctuations of [Ca2+]m upon cell
stimulation, strongly amplifying the parallel cytosolic Ca2+
([Ca2+]c) changes [2]. Another inherent characteristics of the
mitochondrial Ca2+ transport machinery is its activation by
extramitochondrial Ca2+ ([Ca2+]e) itself, through low affinity
Ca2+ binding sites inherent or coupled to the Ca2+ uniporter
(MCU)[3]. These unique features render mitochondria a high
sensitivity sensor in a wide range of [Ca2+]e [4–6].
[Ca2+]m is determined by three principal processes: (i) Ca
2+
uptake through the MCU, driven by Δψm, and activated in a
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doi:10.1016/j.bbamcr.2006.04.002≈1.5–2); (ii) Ca2+ efflux through the Na+/Ca2+ (mNCX) and
H+/Ca2+ (mHCX) exchangers, saturated at ≈1 μM [Ca2+]m;
(iii) Ca2+ buffering activity in the mitochondrial matrix, through
the formation of insoluble xCa2+–xPO4
x−xOH− complexes,
driven by HxPO4
x− uptake accompanying Ca2+ accumulation
and the alkaline pH of the mitochondrial matrix [4,7].
As a result of these processes, in isolated mitochondria, two
phases of [Ca2+]m changes were observed following elevation
of [Ca2+]e. At submicromolar [Ca
2+]e, [Ca
2+]m increases in a
range (0.2–3 μM) which allows the parallel activation of Ca2+
dependent enzymes of the Krebs cycle, leading to increased
supply of reducing equivalents (NADH+/NADPH+) [8–10].
This increase of [Ca2+]m activates mitochondrial metabolism,
i.e., the supply of ATP under aerobic conditions for a number of
energy consuming cellular processes [11,12]. At [Ca2+]e above
the μM level, the mitochondrial efflux mechanisms, assisted by
the matrix Ca2+ buffering activity, keep [Ca2+]m relatively
stable, allowing mitochondria to accumulate as much as 700–
1000 nmol Ca2+/mg mitochondrial protein. Due to this Ca2+
buffering power, mitochondria in situ efficiently control the
spatial and temporal shape of global cellular Ca2+ signals (for
extensive reviews on this topic see [5,13–15]).
Another fundamental in situ feature of the mitochondrial
Ca2+ uptake machinery stems from its strategic localization at
the different sources of the cellular Ca2+ signal. Indeed, pre-
vious work by us [16,17] and others [18] revealed intimate
contacts between the plasmamembrane (PM) and endoplasmic
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mitochondria (OMM), allowing very efficient Ca2+ sequestra-
tion into the organelle. Mitochondria, positioned at the
cytoplasmic face of the ER Ca2+ release channels (inositol
1,4,5-trisphosphate receptors [IP3R] and ryanodine receptors
[RyRs]) as well as to different PM Ca2+ influx channels (capa-
citative Ca2+ entry [CCE] or ionotropic glutamate receptors),
thus are exposed to Ca2+ concentrations well above those mea-
sured in the bulk cytosol [18–20]. What are the consequences of
the formation of these high [Ca2+] microdomains near to mito-
chondria? First, the above mentioned enormous Ca2+ buffering
activity was shown to reduce the Ca2+ feedback inhibitory effect
of Ca2+ release/influx channels, thus giving a fundamental
contribution to their physiological regulation [5,21]. Second,
inside mitochondria it leads to an extremely efficient increase of
[Ca2+]m (100–500 μM), as measured by recombinant low
affinity Ca2+ sensors [19,20]. The exact role of this immense
elevation of [Ca2+]m is not yet clear, but recent data indicates that
it might be related to the regulation of mitochondrial dynamics
and mitochondrial participation in cell death.
2. The determinants of mitochondrial morphology: an
evolutionary connection with the ER Ca2+ store?
The complexity and variability of mitochondrial morphology
in diverse organisms and cell types seems to reflect a complex
evolutionary path evolving from their α-proteobacterial ances-
tor [22–24]. Indeed, the recent discovery of protein components
driving the fusion and fission of mitochondria almost
completely differ from the ones found in the genome of their
prokaryotic ancestor. Division of bacteria relies on the
formation of a ring underneath the inner cell membrane, of
which the main component is FtsZ, a GTP dependent mechano-
chemical enzyme. The ring formed by FtsZ can be found in
mitochondria of some primitive eukaryotes, but mitochondria of
fungi, plants and animals have lost this division component
[25]. While eukaryotic tubulin seems to have close relations to
FtsZ, eukaryotic cells developed a new group of proteins
driving the dynamics of intracellular membranes, still using
GTP as source of free energy changes. The first ‘large GTPase’
found to be involved in the dynamic formation of the
mitochondrial network was the Drosophila protein fzo (stands
for fuzzy onion), which was shown to mediate the fusion of
mitochondria during the meiotic stage of spermatogenesis [26].
Mitochondria of spermatogony of fzo mutant flies showed an
aberrant morphology, and importantly this change led to non-
functional sperm formation and thus to sterility of the affected
flies. Following the discovery of the fzo gene product and its
homologues in yeast, animals and humans, now a large family
of GTPases has been described driving both fusion and fission
of mitochondria [27–30]. Indeed, according to a recent
proteomic study, at least 3% of the different proteins of the
mitochondrial proteome are involved in mitochondrial mor-
phology [31]. Moreover, this growing protein family has now
been shown to include specialized proteins of the Rho family
GTPases (mitochondrial Rho GTPase, miro-1,2). Human Miro,
and its orthologs in drosophila and yeast (Gem1p) are allcharacterized by the presence of two GTPase domains and,
intriguingly, also two Ca2+ binding EF hand domains [32–34].
According to these findings, Miro proteins thus may provide a
direct link to Ca2+ regulation of mitochondrial dynamics, in
analogy with other integrated GTPase and Ca2+ signalling
pathways (for review, see [35]).
Moreover, the finding that GTPases from the Ras superfam-
ily are involved in signal transduction on the mitochondrial
surface places mitochondrial dynamics in an even broader
context. Indeed, the recent outbreak of genomic data allowed
reconstructing the extensive evolutionary view of the Ras
family of small G-proteins, the main regulators of membrane
dynamics, giving insight also to the formation of intracellular
membrane networks [36]. Importantly, the superfamily of Ras
GTP-ases, now consisting of at least seven family of proteins
(Sar1, Arf, SRb, Rab, Ran, Ras, Rho, [37]) has no orthologs
among prokaryotes and they diversified at a very early stage of
eukaryotic evolution. The reconstruction of the Ras family
evolutionary tree shows that the secretory tubulo-vesicular
intracellular membrane system, the ancestor of the ER and
Golgi system and a primitive form of the nuclear membranes
paved the way for the origin of endo/phagocytosis. First the
Sar1/Arf/SRb sequences split off from all other small GTP-ases,
suggesting that secretory endomembranes evolved in a very
early eukaryote, serving also as a base for the connection to the
plasmamembrane and cell exterior and ultimately for the reverse
process of endo/phagocytosis. This event was followed by the
evolution of (i) Rab proteins [38], regulating intracellular
vesicle transport and fusion (ii) Rho family proteins [39],
primarily involved in the regulation of the actin cytoskeleton
and, together with (iii) Ras, in the transduction of extracellular
signals. Importantly, these three classes of proteins are essential
for present-day phagocytosis [40]. Thus we can also assume that
the formation of the endo/phagocytotic pathway established the
way for the endosymbiont mitochondria (and chloroplasts),
requiring an intimate connection between these organelles.
Along these lines, the regulation of dynamics of mitochondrial
membranes might fit into the general scheme that ensures the
specificity of membrane traffic and interaction between
different organelle membranes in the secretory pathway by
surface targeting of peripheral membrane proteins, including
recruitment of specific small GTPases (for review, see [41]). In
case of the mitochondria the following further observations
demonstrate the above statement. Recent work unravelled an
important role of the large GTPase mitochondrial fusion factor
mitofusin-2 in regulating vascular hyperplasia through the
regulation of Ras(p21) activity [42], showing the first time
functional an physical interaction between these signaling
pathways. In yeast, Rab family proteins were shown to be
necessary for fusion competence of ER membranes [43], as well
as in synchronization of mitochondrial fission in mammalian
cells [44]. Ultimately, it was shown that movement of
mitochondria is controlled by the small GTPase RhoA through
regulating their association with actin via formin family proteins
[45].
This latter finding opened a new of understanding the
complexity of the interplay between regulatory factors not only
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movement of mitochondrial particles. Indeed, mitochondria
have been shown to associate with the microfilaments,
microtubules and intermediate filaments (see [46] and refer-
ences therein). Since the components of these systems are top
candidates for mitochondrial dynamics regulation from diverse
intracellular inputs, such as Ca2+, they will be discussed from
this point of view in the next caption of the review.
3. The effect of Ca2+ signals on mitochondrial dynamics
One can imagine different modes of interaction between
Ca2+ signalling and mitochondrial dynamics. First, we can
assume that Ca2+ modulates the activity of mechanical and
regulatory GTPases, leading to alteration of the balance of
fusion/fission events or mitochondrial mobility resulting in
morphological alterations. Indeed, several previous data indicate
that elevation of [Ca2+]c perturbs mitochondrial dynamics. In
cultured hippocampal neurons, sustained Ca2+ influx, induced
by NMDA-receptor activation, has been shown to inhibit
mitochondrial movement and to alter mitochondria from
elongated to rounded shape [47]. In this study, the two processes
appeared to be partially independent, since uncoupling by the
protonophore FCCP (p-[trifluoromethoxyl]-phenyl-hydrazone)
and blockade of ATP synthesis by oligomycin hindered
mitochondrial movement without inducing fragmentation ofFig. 1. Effect of intracellular [Ca2+] elevation on mitochondrial morphology. (A) Tim
stimulation with the Ca2+ mobilizing agonist histamine (100 μM). Images were acqu
digital camera [57]. The mitochondrial network is reversibly fragmented during stimu
in HeLa cells. Cells were loaded with 10 nM teramethyl-rhodamine-methylester (TM
acquired on a Zeiss LSM510 confocal microscopy system. Fluo-3 (upper panel) and T
areas, respectively. Histamine (100 μM) induced a transient cytosolic Ca2+ signal, wh
Wieckowski, R. Rizzuto, unpublished).the organelle. In contrast, the application of FCCP alone was
shown to cause reversible fragmentation of the mitochondrial
network [48,49]. In our hands, single or pulsatile application of
the Ca2+ mobilizing agonist histamine to HeLa cells at high
doses (100 μM) also induced mitochondrial fragmentation (see
Fig. 1), and the effect was also prevented by oligomycin
blockade of mitochondrial ATP synthesis.Whether the effect is a
direct consequence of [Ca2+] changes in the cytosol or
mitochondria, or relayed to the fission apparatus by other
factors is still remain to be determined. Indeed, we also observed
a transient drop in Δψm, parallel with the [Ca
2+]c signal. These
results indicate a complex regulation by the interaction of
mitochondrial Δψm, ΔpH, [Ca
2+]c/[Ca
2+]m and most probably
free radical production ([50]; P. Pinton, R. Rizzuto, manuscript
in preparation). We can expect also multiple targets of
mitochondrial fusion/fission machinery and interacting cyto-
skeletal components, which, however, are largely unknown yet.
The best-characterized candidate is Drp-1, recently extensively
studied in various physiological systems. K+-induced depolar-
ization in the dendrites of hippocampal neurons, in a Ca2+
dependent manner, was also shown to shift the fusion/fission
balance towards fission. Moreover, the effect was inhibited by
the GTPase mutant Drp-1K38A, confirming that it is mediated by
Drp-1 [51]. This study also disclosed a new role for Drp-1, since
its overexpression appeared to regulate also the distribution of
mitochondria between the neuronal cell body and dendrites.e series images of HeLa cell mitochondria, transfected with mtGFP, following
ired using a Zeiss Axiovert 200M microscope and a Photometrics CoolSnap HQ
lation in the presence of histamine. (B) Parallel measurement of [Ca2+]c andΔψm
RM) and 1 μM Fluo-3 (30 min, 37 °C), then timelapse series of images were
MRM (lower panel) intensity was quantified from the nuclear and mitochondrial
ile the drop in the TMRM signal indicated mitochondrial depolarization. (M. R.
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targeted down-regulation of Drp-1 in the model of glutamate
induced excitotoxicity may also clarify whether this protein is
involved in the calcium induced mitochondrial fragmentation.
Other intriguing candidates for conveying cellular Ca2+
signals to mitochondrial dynamics are the recently described
Rho GTPases Miro-1 and 2 [32–34]; see also above). These
proteins are well conserved from yeast to humans (thus called
Gem1p in yeast and Miro-1 and 2 in drosophila and humans),
and link intracellular signals to mitochondrial morphology and
distribution through a novel pathway, independent of Drp-1 and
fzo/mitofusin. The role of Rho GTPases in the dynamic
formation of the actin filament system is now well characterized
[52] and they were shown to provide also a link between Ca2+
signalling and cellular morphology (for reviews see [35,53]). In
this respect, the finding that Miros are localized on the OMM,
and possess two Ca2+-binding EF-hand domains, facing the
cytoplasm, evokes a huge interest in the role of these proteins in
Ca2+ regulation of mitochondrial dynamics. Still, so far the
exact function of the EF-hand domains was studied only by
Shaw at al., introducing lack-of-function mutations in both
Ca2+-binding sites [33]. Yeast, bearing these mutated Gem1p,
had altered mitochondrial morphology, confirming the impor-
tance of the EF-hand domain, but the study failed to
demonstrate a direct link between Ca2+ modulation of cell
death and Ca2+ binding to the protein. Thus, further systematic
studies are needed to clarify the mechanism by which Ca2+
regulation of Miro participates in regulation of mitochondrial
dynamics and its relation to cell death [34].
While the above studies highlighted the potential role of the
association of mitochondria with the cytoskeletal regulatory
GTPases, other work described mechanical details of these
interactions. A recent work by G. Rutter and colleagues [54]
showed that the retrograde motor protein complex, dynein-
dynactin drives the translocation of Drp-1 to the mitochondrial
outer membrane, and the disruption of this interaction by
overexpression of p50/dynamitin (a dynactin subunit) results in
decreased mitochondrial fission and perinuclear clustering.
This fundamental finding might present clues for the
mechanism by which Drp-1 association to the OMM occurs,
and also to the mechanism by which Ca2+ interferes with this
process. Indeed, as elegantly demonstrated by Hajnoczky's
group, Ca2+ is primarily involved in the regulation of
mitochondrial movement along the microtubule scaffold [46],
thus one can envisage that also the OMM components of the
mitochondrial fusion/fission machinery could be affected by
Ca2+ in a similar manner.
4. The inverse signaling: effect of mitochondrial network
connectivity and distribution on Ca2+ signals
As detailed above, the orchestrated function of a set of
mitochondrial GTPases was newly shown to maintain the
balance of fusion and fission. The cloning and characterization
of the proteins responsible for these processes gave also the
possibility for the directed modification of the network
structure, thus to assess the role of integrated mitochondrialnetwork maintenance in related physiological processes such as
mitochondrial Ca2+ signalling. Yet, in order to assess the effect
of changes of mitochondrial structure on its Ca2+ signalling
properties, the characterization of the spatial formation of the
mitochondrial Ca2+ signal was necessary. This aim was recently
realized by the use of two technological advancements, i.e., new
algorithms for fast speed microscopy image analysis and new
Ca2+ sensitive probes specific for mitochondria. Recent work
by us and the group of Adam-Vizi revealed a heterogeneous
intramitochondrial Ca2+ signal following IP3 induced Ca
2+
release from the ER [55,56]. Detailed analysis of the temporal
and spatial properties of that Ca2+ signal showed preferential
sites of Ca2+ uptake followed by lateral diffusion along the
tubular mitochondrial network of endothelial and HeLa cells.
Since these ‘hot spots’ could be observed only during Ca2+
release, in contrast to the evenly distributed increase following
elevation of [Ca2+]e in permeabilized cells, the conclusion was
drawn that they reflect the formation of high Ca2+ micro-
domains at the ER-mitochondria contact sites, rather than
clustering of the Ca2+ uptake machinery. The diffusion of Ca2+
appeared to be partially limited even in the apparently
continuous long mitochondrial pipelines in the ordinary state
of the network, according to the measurements using the
fluorescent dye X-rhod-1 [55], still arriving to a medium
distance of ∼3–6 μm.
In fact, modification of mitochondrial structure led to a major
change of the mitochondrial Ca2+ signal both at the level of
single mitochondria and the whole mitochondrial population.
First, fragmentation of the network, as expected, blocked the
propagation of the Ca2+ spread, leaving a fraction of individual
mitochondria without full-size Ca2+ elevation. This effect is a
corollary of the fact that the dispersal of the fragmented
mitochondrial particles remains similar in the intracellular space
keeping the relationship essentially unaltered with the ER Ca2+
source [56]. Importantly, neither the amount of Ca2+ released
from the ER, nor the cytoplasmic [Ca2+] elevation showed
alteration in these conditions, but, as a whole, the [Ca2+]m
increase in the fragmented mitochondrial population resulted
lower than in controls. These results implied that the fraction of
mitochondria, keeping still contact with the ER, were able to
buffer the same amount of released Ca2+ without further [Ca2+]m
elevation, even if it represented only a fraction of the total
mitochondrial volume. Again, these results recall the importance
of the high capacity of intramitochondrial Ca2+ buffering at high
extramitochondrial [Ca2+] [7], the impairment of which under
stress conditions might lead to several mitochondria based
pathologies.
As a further confirmation that changes in mitochondrial
structure modifies mitochondrial Ca2+ handling, induction of
mitochondrial biogenesis and consequent mitochondrial vol-
ume expansion was also shown to interact with Ca2+ uptake and
intramitochondrial Ca2+ distribution [57]. The recent disclosure
of the pathway leading to the concerted induction of nuclear
encoded mitochondrial proteins by the peroxisome proliferator-
activated receptor-gamma (PPARγ) co-activator-1α (PGC-1α)
served as a useful tool to assess this effect. The modification of
gene expression profile by PGC-1α overexpression augments
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cellular activation and adaptive thermogenesis, respectively (for
review, see [58]). Importantly, the pathway induced by PGC-1α
also leads to an increased mitochondrial volume, multiplying its
capacity to accumulate and buffer Ca2+, as evidenced by the
increased distance of Ca2+ diffusion from the ‘hot spots’.
Overall, through this mechanism also PGC-1α induced
biogenesis leads to reduced [Ca2+]m signal.
The above studies shed light on the role of mitochondrial
connectivity and its proportion to the ER Ca2+ store in
regulating [Ca2+]m responses during agonist induced Ca
2+
release. A further approach, utilized by the group of N.
Demaurex, added an important new insight into this scenario.
Specifically, they that overexpression of hFis1, another
component of the mitochondrial fission machinery, in HeLa
cells caused not only fragmentation of the mitochondrial
network, but also their redistribution from the cell periphery
to the perinuclear space [59,60]. The ER network, extending
from the nuclear envelope, has a much higher density around
the nucleus, thus it is conceivable that mitochondria in the
perinuclear space are almost completely encircled by the ER
Ca2+ source. This scenery renders almost all, mitochondrial
particles even if fragmented, able to accumulate the released
Ca2+. As a result, intramitochondrial Ca2+ diffusion is not
necessary for complete Ca2+ load of the whole mitochondrial
population, and the overall [Ca2+]m elevation following the
application of an IP3 mobilizing agonist remains unaltered
[60,61]. Our [Ca2+]m measurements in HeLa cells, treated with
HIV protease inhibitors, confirmed these results, showing a
similar fragmentation/perinuclear clustering, increased number
of Ca2+ ‘hot spots’ and unaltered overall mitochondrial Ca2+
load [62].
Further insight into the role of mitochondrial distribution on
regulating global Ca2+ signals was obtained by analysing
changes of Ca2+ handling at the level of the plasmamembrane in
different models of forced mitochondrial division [54,59,60].
These studies, together with the use of mitochondrial inhibitors
[63], shed light on the importance of the near-plasmamembrane
and perinuclear mitochondrial populations in endothelial and
epithelial cell lines, once recognized in lymphocytes and
neurons with respect of capacitative and ligand induced Ca2+
influx, respectively (for extensive reviews on this topic, see
[5,64–66]). Now, Frieden et al. have elegantly shown that
despite the extended morphology of mitochondria in HeLa
cells, about 10% of MitoTracker Red labelled mitochondria are
co-localized with plasmamembrane-targeted protein tags,
suggesting an important contribution of mitochondria to the
Ca2+ transport between the intra- and extracellular space.
Indeed, the redistribution of mitochondria following hFis1
overexpression in HeLa cells led to changes both in the Ca2+
influx and extrusion pathways [59,60]. First, they demonstrated
that the fragmented perinuclear mitochondrial population only
slowly accumulates Ca2+ from extracellular sources. Intrigu-
ingly, they do so even if the capacitative Ca2+ influx, the
cytosolic Ca2+ elevation, and the capability of mitochondria to
take up Ca2+ released from the ER remain unaltered. These
results, taken together with our previous observation that duringlong term cellular stimulation ER tunnelling of Ca2+ from the
EC space maintains sustained Ca2+ release, which is necessary
for efficient mitochondrial Ca2+ uptake [67], imply two
important deductions: (i) mitochondrial connectivity and the
presence of mitochondria near to the plasmamembrane of endo/
epithelial cells appears to be necessary to distribute Ca2+ not
only from ER sources (see above: [55,56]), but also from the EC
space. (ii) Ca2+ tunnelling through the ER, originally described
in polarized pancreatic acinar cells [68], is fundamental also in
these cell types, and only in the absence of the sub-
plasmamembrane mitochondrial population it is substituted by
diffusion of Ca2+ in the cytoplasm. Indeed, confirming these
postulations, further work depicted an elegant unifying scheme
[59,69], in which bidirectional Ca2+ channelling between the
ER and mitochondria collaborate in the regulation of capaci-
tative Ca2+ influx and Ca2+ extrusion through the plasmamem-
brane Ca2+ ATPase (PMCA). The complete picture is detailed in
the above citations; here we would like only to underline the
importance of one of their findings, i.e., the lack of the sub-
plasmamembrane mitochondrial population in hFis1 over-
expressing HeLa cells led to increased Ca2+ cycling through
the PMCA and capacitative influx channels, rendering the ER
Ca2+ store very prone to Ca2+ depletion under low extracellular
[Ca2+] conditions. Since similar redistribution of the mitochon-
drial network (fragmentation and perinuclear clustering) is a
major feature of several cell death processes, as well as the ER
Ca2+ content is a key regulator of ER stress and apoptosis,
undoubtedly the mechanisms discovered in these works will
find an important place in the regulation of cell fate.
Regarding this latter aspect, even if the discussion of the
Ca2+ dependent apoptotic process is beyond the scope of
this review (for details see [70–73]), we have to point out
that several recent works showed that although mitochon-
drial fragmentation accompanies cell death, it might not
necessarily impairs cellular function nor induces cell death
per se. As detailed in the previous paragraph, reversible
fragmentation occurs frequently in response to Ca2+
mobilizing stimuli, and transient mitochondrial depolariza-
tion also induces reversible breakdown of the mitochondrial
network. The seminal work of Youle's group showed that
multiple components of the mitochondrial morphogenesis
machinery regulate positively or negatively the apoptotic
process (see this issue and [74]), but still, fragmentation of
the mitochondrial network per se is not sufficient to induce
cell death [75,76]. This conclusion was recently corroborated
by the finding that application of the HIV protease inhibitors
nelfinavir and ritonavir had a potent antiapoptotic effect both
in in vivo and in vitro models, even though their application
trigger fragmentation of the mitochondrial network [62,77].
Along these lines, even if the exact role of mitochondrial
Ca2+ load in mitochondrial membrane permeabilization and
the consequent caspase-mediated cell death induction is not
yet clarified, the reduction of mitochondrial Ca2+ uptake was
unequivocally shown to promote cell survival [73,78]. Thus,
reduction of overall mitochondrial Ca2+ uptake in the
fragmented and dispersed mitochondrial network, inevitably
inhibited Ca2+ mediated cell death [56].
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The dynamic change of mitochondrial structure now
seems to conquer a huge attention in studies concerning
regulation of fundamental cellular processes like energy
metabolism and cell death. The above detailed recent studiesFig. 2. Scheme of interaction between mitochondrial dynamics, mitochondrial Ca
reticulum. For details, see text.described a mutual interaction between the determinants of
mitochondrial morphology and functions like Ca2+ accumu-
lation. Elevation of cytoplasmic and mitochondrial Ca2+
levels was shown to induce mitochondrial division and
transient break of mitochondrial movements. On the other
side, mitochondrial shape and its dispersal in the2+ accumulation and cell fate regulation. M: mitochondria; ER: endoplasmic
448 G. Szabadkai et al. / Biochimica et Biophysica Acta 1763 (2006) 442–449intracellular space modifies its Ca2+ uptake properties, partly
by changing the interaction with other cellular membranes
such as the ER and plasmamembrane (for summary see Fig.
2). Based on these advances in Ca2+ signaling studies, we
can take the risk to predict that similar regulatory loops will
be unveiled in the recent future regarding broader aspects of
mitochondrial physiology and pathophysiology.
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